ABSTRACT Dipole potential is the potential difference within the membrane bilayer, which originates due to the nonrandom arrangement of lipid dipoles and water molecules at the membrane interface. Cholesterol, a representative sterol in higher eukaryotic membranes, is known to increase membrane dipole potential. In this work, we explored the effects of immediate (7-DHC and desmosterol) and evolutionary (ergosterol) precursors of cholesterol on membrane dipole potential, monitored by the dual wavelength ratiometric approach utilizing the probe di-8-ANEPPS. Our results show that the effect of these precursors on membrane dipole potential is very different from that observed with cholesterol, although the structural differences among them are subtle. These results assume relevance, since accumulation of cholesterol precursors due to defective cholesterol biosynthesis has been reported to result in several inherited metabolic disorders such as the Smith-Lemli-Opitz syndrome. Interestingly, cholesterol (and its precursors) has a negligible effect on dipole potential in polyunsaturated membranes. We interpret these results in terms of noncanonical orientation of cholesterol in these membranes. Our results constitute the first report on the effect of biosynthetic and evolutionary precursors of cholesterol on dipole potential, and imply that a subtle change in sterol structure can significantly alter the dipolar field at the membrane interface.
INTRODUCTION
Dipole potential is an important electrostatic property of biological membranes. It is the potential difference within the membrane bilayer and is a manifestation of the nonrandom arrangement (orientation) of electric dipoles of constituent lipid molecules and water dipoles at the membrane interface (1) (2) (3) (4) (5) . Relative to transmembrane and surface potential, dipole potential has been less explored. Depending on the composition of the membrane, its magnitude can vary from 200 to 400 mV (3) . Since dipole potential is operative over a relatively small distance within the membrane, this results in a very large electric field strength in the range of 10 8 À10 9 Vm À1 within the membrane (1). Dipole potential plays an important role in membrane phenomena. For example, alteration in the dipole potential of the membrane has been shown to modulate the activity of integral membrane proteins such as Na þ /K þ -ATPase (6) and the ion channel gramicidin (7) . Modulation of dipole potential has been reported to affect the membrane insertion and folding of model amphiphilic peptides such as p25 (the signal sequence of subunit IV of cytochrome c oxidase) (8) and simian immunodeficiency viral fusion peptide (9) . In addition, dipole potential has been implicated to influence the solvent relaxation dynamics at the membrane interface (10) . Change in dipole potential is also believed to be involved in the action of anesthetics (11) . The magnitude of dipole potential depends on the composition of electric dipoles (constitutive or adsorbed) at the membrane interface.
Cholesterol is an essential lipid in higher eukaryotic cellular membranes and plays a vital role in membrane organization, dynamics, function, and sorting (12, 13) . It is often found distributed nonrandomly in domains in biological and model membranes (13) (14) (15) . These domains (sometimes termed ''lipid rafts'' (16)) contribute to variable patchiness and thickness of the membrane (17) . Many of these domains are believed to be important for the maintenance of membrane structure (organization) and function, although characterizing the spatiotemporal resolution of these domains has proven to be challenging (18, 19) . The concept of such specialized membrane domains gains relevance in biology, since important cellular functions, such as signal transduction (20) and the entry of pathogens (21, 22) , have been implicated to these putative domains.
Cholesterol is the end product of a complex, multistep (involving >20 enzyme-catalyzed reactions) and exceedingly fine-tuned sterol biosynthetic pathway that parallels sterol evolution (23) . There are two major pathways for cholesterol biosynthesis, the Kandutsch-Russell (24) and Bloch (23) pathways. Konrad Bloch speculated that the sterol biosynthetic pathway parallels sterol evolution (the ''Bloch hypothesis''). According to this hypothesis, cholesterol has been selected over a very long timescale of natural evolution for its ability to optimize certain physical properties of eukaryotic cell membranes with regard to biological functions (23) . Cholesterol precursors should therefore have properties that gradually support cellular function of higher organisms as they progress along the pathway toward cholesterol. Defects in the cholesterol biosynthetic pathway have been identified with several inherited metabolic disorders (25) . Comparative studies on the structure-function relationship of cholesterol and its evolutionary precursors on membranes therefore assume relevance.
7-Dehydrocholesterol (7-DHC) and desmosterol represent immediate biosynthetic precursors of cholesterol in the Kandutsch-Russell and Bloch pathways, respectively. Although 7-DHC differs from cholesterol only in a double bond at the 7th position in the sterol ring, desmosterol differs from cholesterol only in a double bond at the 24th position in its flexible alkyl side chain (see Fig. 1 ). Interestingly, accumulation of either 7-DHC or desmosterol due to defective sterol biosynthesis has been shown to result in fatal neurological disorders (25) . Ergosterol, on the other hand, is an important evolutionary precursor of cholesterol and is the major sterol present in lower eukaryotes such as protozoa, yeast, and fungi, and in insects such as Drosophila (23) . The chemical structure of ergosterol differs from that of cholesterol in having two additional double bonds (at 7th and 22nd positions) and a methyl group at the 24 th position of the side chain (see Fig. 1 ). Both structural features appear relatively late during ergosterol biosynthesis in response to some specialized requirements related to the physiology of organisms containing ergosterol as the major sterol (23) . We have previously monitored the comparative effects of cholesterol and its precursors (7-DHC, desmosterol, and ergosterol) on membrane organization and dynamics using sensitive fluorescent membrane probes (26) (27) (28) .
Cholesterol is known to influence physical properties of membranes, for example, membrane thickness (29) and water penetration (30, 31) . It has recently been reported that cholesterol increases membrane dipole potential (32) . This could be due to a direct influence of unique molecular attributes of cholesterol (such as the dipole moment) or through cholesterol induced changes in membrane organization (e.g., condensation of the lipid headgroup area and/or water penetration). It has been suggested that a combination of both effects is operative (32) . To explore the relationship between membrane dipole potential and sterol molecular structure in a comprehensive manner, we have monitored the effect of immediate and evolutionary precursors of cholesterol (7-DHC, desmosterol, and ergosterol) on membrane dipole potential. These results assume relevance in the context of previous reports that accumulation of cholesterol precursors leads to severe pathological conditions. Our results show that cholesterol precursors have differential effects on membrane dipole potential. This differential effect could be due to difference in dipole moment, orientation (tilt angle), or extent of water penetration in the membrane. In addition, we show that cholesterol (or its precursors) has a negligible effect on dipole potential in polyunsaturated lipid membranes. We interpret these results in the light of noncanonical orientation of cholesterol in polyunsaturated lipid membranes (33) .
MATERIALS AND METHODS

Dipole potential measurements
Dipole potential measurements were carried out by a dual-wavelength ratiometric approach using the voltage sensitive styrylpyridinium probe, (6, 32, 34, 35) . Steady-state fluorescence measurements were performed with a Hitachi (Tokyo, Japan) F-4010 spectrofluorometer using 1 cm path length quartz cuvettes. Excitation and emission slits with a nominal bandpass of 5 nm were used for all measurements. Background intensities of samples were subtracted from each sample to cancel any contribution due to the solvent Raman peak and other scattering artifacts. Steady state fluorescence intensities were recorded at two excitation wavelengths (420 and 520 nm). Emission wavelength was fixed at 670 nm. The fluorescence ratio (R), defined as the ratio of fluorescence intensity at an excitation wavelength of 420 nm to that at 520 nm (emission at 670 nm in both cases) was calculated (32) . The choice of the emission wavelength (670 nm) at the red edge of the spectrum has previously been shown to rule out membrane fluidity effects (34) . Dipole potential (j d ) in mV was calculated from R using the linear relationship (6, 32) Biophysical Journal 102(7) 1561-1569
Dipole moment calculation
The ground state geometries of the systems were optimized in the gas phase using hybrid density functional B3LYP at the 6-31G level (36) . The ground state dipole moments and Mulliken atomic charge densities were subsequently calculated for the optimized geometries of the respective systems using a higher basis set, B3LYP/6-31þG*, with added polarization and diffuse functions. These calculations were performed using the Gaussian 03 package (37) . Details of materials, sample preparation, and depth measurements are provided in the Supporting Material.
RESULTS
The dual wavelength ratiometric technique using di-8-ANEPPS represents a convenient approach to monitor membrane dipole potential (32, 34, 35) . In this work, we utilized the dual-wavelength ratiometric approach to monitor dipole potential in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes in presence of cholesterol and its biosynthetic and evolutionary precursors. Although the membrane orientation of di-8-ANEPPS has been previously addressed (38) , the exact localization of the fluorophore in the membrane bilayer is not known. We therefore monitored the depth of the fluorophore in di-8-ANEPPS using the parallax method (39) , which would provide useful information about its membrane orientation.
Localization of di-8-ANEPPS in the membrane bilayer
Membrane penetration depth represents an important parameter in the context of membrane structure and organization (40, 41) . Knowledge of the precise depth of a membrane embedded group or molecule often helps define the conformation and topology of membrane probes and proteins. In addition, properties such as polarity, fluidity, segmental motion, ability to form hydrogen bonds, and extent of solvent penetration are known to vary in a depthdependent manner in the membrane. To gain an overall understanding of the orientation and location of membrane-bound di-8-ANEPPS, the penetration depth of the fluorescent styrylpyridinium group of di-8-ANEPPS in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membranes was determined. The membrane penetration depth of the styrylpyridinium group in di-8-ANEPPS was calculated by the parallax method (39) using the equation
where z cF is the depth of the fluorophore from the center of the bilayer, L c1 is the distance of the center of the bilayer from the shallow quencher (1-palmitoyl-2-(5-doxyl) stearoyl-sn-glycero-3-PC (5-PC) in this case), L 21 is the difference in depth between the two quenchers (i.e., the transverse distance between the shallow and deep quenchers), and C is the two-dimensional quencher concentration in the plane of the membrane (molecules/Å 2 ). Here, F 1 /F 2 is the ratio of F 1 /F o and F 2 /F o , in which F 1 and F 2 are the fluorescence intensities in the presence of the shallow quencher (1,2-dioleoyl-sn-glycero-3-phosphotempocholine or 5-PC) and the deep quencher (1-palmitoyl-2-(12-doxyl) stearoyl-sn-glycero-3-PC), respectively, both at the same quencher concentration (C); F o is the fluorescence intensity in the absence of any quencher. All the bilayer parameters used were the same as described previously (for further details about these parameters, see Chattopadhyay and London (39)). Our results show that the depth of penetration of the fluorescent styrylpyridinium group, on the average, was 12.2 Å from the center of the bilayer (see Table S1 in the Supporting Material and Fig. 2 ; in principle, this distance represents the distance between the center of the bilayer and the transition dipole of the styrylpyridinium group). This suggests that di-8-ANEPPS is localized at the interfacial region of the membrane. This experimentally determined location of di-8-ANEPPS is in agreement with its proposed interfacial localization in membranes (35, 42) . Interestingly, the localization is consistent with the reported insensitivity of di-8-ANEPPS to surface potential (35) .
Effect of sterols on dipole potential in POPC membranes
The fluorescence ratio (R) of di-8-ANEPPS (a charge-transfer dye) is sensitive to change in the dipolar field at the membrane interface where the dye is localized (see above and Fig. 2 ) by a putative electrochromic mechanism (35) . According to this mechanism, the spectral shift exhibited by a charge-transfer dye such as di-8-ANEPPS is related to the electric field strength. It has recently been shown that the fluorescence ratio (R) of di-8-ANEPPS is sensitive only to dipole potential and is independent of specific molecular interactions (43) . The effect of sterols on the Biophysical Journal 102 (7) 1561-1569 dipole potential of POPC membranes is shown in Fig. 3 . The figure shows that the dipole potential of POPC membranes is~363 mV. The membrane dipole potential exhibits progressive increase with increasing concentration of cholesterol and reaches a value of~580 mV (i.e., increases by~60%) in the presence of 40 mol % cholesterol. This is in agreement with results of earlier work, in which it was shown that cholesterol increases dipole potential in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membranes in the fluid phase (32) . To explore the relationship between membrane dipole potential and sterol structure, we explored the effect of biosynthetic and evolutionary precursors of cholesterol, such as 7-DHC, desmosterol, and ergosterol, on membrane dipole potential. Interestingly, the increase in dipole potential in the presence of these precursors is much less than in the presence of cholesterol. For example, the two immediate biosynthetic precursors of cholesterol, 7-DHC and desmosterol (differing from cholesterol only in a double bond; see Fig. 1 ), display increase in dipole potential up to~430 mV at 40 mol % sterol concentration. This amounts to a relatively modest increase in dipole potential of~18% in both cases (as opposed tõ 60% in the case of cholesterol). The increase in dipole potential is even less (~8%) in the presence of 40 mol % ergosterol, reaching a value of~391 mV. Ergosterol differs from cholesterol in having two additional double bonds and a methyl group (see Fig. 1 ). As a control, we monitored the effect of coprostanol (a saturated sterol with no double bond, used as a biomarker) on dipole potential. The membrane dipole potential in the presence of 40 mol % coprostanol was~411 mV (~13% increase). These results show that the ability of a sterol to modulate membrane dipole potential is varied and depends on its molecular structure. Even a subtle difference (such as a double bond) in the molecular structure of a sterol can give rise to a drastic difference in its ability to influence dipole potential.
The differential effect of these sterols on dipole potential merits some comment. It has been previously shown that these evolutionary precursors of cholesterol exert differential effects on membrane organization (26) (27) (28) 44) . Membrane dipole potential is related to dipole moment and dielectric constant of the medium according to the Helmholtz equation (1):
where j d is the dipole potential, m t is the perpendicular component of the dipole moment (m) along the bilayer normal, ε 0 is the permittivity in vacuum, ε is the dielectric constant, and A is the area/lipid molecule. According to Eq. 3, dipole potential should vary linearly with dipole moment and inversely with the effective molecular area and dielectric constant. The inverse relationship between dipole potential and effective molecular area has been previously demonstrated (45) . Since dipole potential varies inversely with molecular area, the differential effect of sterols on dipole potential could be due to the difference in the condensing ability of these sterols. For example, the molecular area of a lipid molecule in the membrane bilayer is greater in the presence of 7-DHC (or desmosterol) relative to cholesterol (44, 46) . This implies that dipole density is less in the presence of 7-DHC (or desmosterol), which could lead to a reduction in dipole potential. The inverse dependence of dipole potential on dielectric constant can be further analyzed. We have recently shown that the vibronic peak intensity ratio (i.e., the ratio of the first and the third vibronic peak intensity, or I 1 /I 3 ) of pyrene fluorescence emission can provide an estimate of dielectric constant (apparent polarity) in the interfacial region in model membranes (28), membrane-mimetic media such as micelles (47) , and natural membranes (48) . In addition, we showed that cholesterol reduces the dielectric constant of the membrane interface in model (28) and natural membranes (48) . Interestingly, ergosterol (27), 7-DHC, and desmosterol (28) exhibit a reduction in dielectric constant. According to the Helmholtz equation, dipole potential should show a decrease with an increase in dielectric constant. The dependence of dipole potential on dielectric constant is shown in Fig. 4 . The figure shows that dipole potential decreases more or less linearly with increase in dielectric constant in all cases. The difference in the slope of the lines in Fig. 4 could possibly be attributed to differential extents of water penetration induced by various sterols. 
Dipole moment calculations and dipole potential
To address the relationship between dipole moment and dipole potential, we carried out dipole moment calculations of sterols quantum mechanically (B3LYP/6-31G level, see Materials and Methods) (36) . It was previously shown that the effect of cholesterol derivatives on membrane dipole potential correlates well with their dipole moment (32) . The ground state electronic charge densities of the sterols used are shown in Fig. 5 . Dipole moments calculated from these charge densities are shown in Table 1 . According to the Helmholtz relationship (Eq. 3), increase in dipole potential in the presence of sterols varies linearly with dipole moment. The effective contribution of the dipole moment (m t ) of a given sterol in the membrane bilayer would depend on its orientation or tilt angle (q) (44) with respect to the bilayer normal, given by m t ¼ m cos q:
(4) Table 1 shows the dipole moment and the perpendicular component of the dipole moment for sterols. A lower dipole potential in the case of membranes containing 7-DHC (or ergosterol) could possibly be due to the lower dipole moment of 7-DHC or ergosterol with respect to cholesterol. However, this does not appear to be true in the case of desmosterol and coprostanol, possibly implying that there could be other factors (such as the extent of water penetration and orientation of headgroup) influencing dipole potential.
Effect of sterols on dipole potential in polyunsaturated membranes
The interaction between cholesterol and polyunsaturated lipids in membranes has recently gained considerable attention (33, (49) (50) (51) (52) . Since cholesterol has a rigid tetracyclic ring in its structure, it displays poor affinity for polyunsaturated lipids due to their disordered nature (50) . Interestingly, it has been shown recently that due to its aversion for polyunsaturated lipids (see Fig. 6 ), cholesterol resides flat (parallel to the membrane surface) in the middle of the membrane bilayer made of polyunsaturated 1,2-diarachidonoyl-snglycero-3-phosphocholine (DAPC) lipids (noncanonical orientation), as opposed to its upright canonical orientation in saturated lipid membranes (33,51,52). Since dipolar interaction is vectorial in nature, the interaction between membrane dipolar field and the molecular dipole of cholesterol is maximum in the canonical orientation. On the other hand, the interaction between membrane dipolar field and the molecular dipole of cholesterol is minimum in the noncanonical orientation in polyunsaturated membranes (Fig. 6 ). The effect of sterols on the dipole potential of polyunsaturated DAPC membranes is shown in Fig. 7 . DAPC membranes exhibit considerably lower dipole potential (~214 mV) relative to POPC membranes due to the presence FIGURE 4 Validation of the Helmholtz relationship: dipole potential as a function of dielectric constant in the presence of cholesterol ( ), 7-DHC (C), desmosterol (-), and ergosterol (A). Sterol concentrations are the same as in Fig. 3 and ranged from 0 to 40 mol % (sterol concentration increases from left to right). Apparent dielectric constants were calculated from pyrene vibronic peak intensity ratio (I 1 /I 3 ) (values for ergosterol/ POPC membranes were taken from Shrivastava and Chattopadhyay (27) , and those for cholesterol/POPC, 7-DHC/POPC, and desmosterol/POPC membranes from Shrivastava et al. (28)) using a calibration plot, (Dielectric constant (ε) ¼ 0.0165(I 1 /I 3 ) þ 0.6565), previously described by one of us (48) . The lines shown are linear fits. See text for more details. Biophysical Journal 102 (7) 1561-1569 of eight cis double bonds (four in each acyl chain), in agreement with the finding that unsaturation in acyl chains reduces dipole potential (45) . This could also be due to extensive disorder in the membrane induced by eight cis double bonds. Interestingly, increasing cholesterol content (up to 40 mol %) in the membrane shows very little effect on the dipole potential in DAPC membranes, in sharp contrast to observations in POPC membranes. Even 7-DHC and desmosterol are found not to influence membrane dipole potential in polyunsaturated DAPC membranes (see Fig. 7 ). These results suggest that the possible orientation of these sterols in the polyunsaturated membrane could be noncanonical (Fig. 6) .
DISCUSSION
Structure-function relationship of cholesterol and its precursors (biosynthetic and evolutionary) in membranes represents a multidimensional problem that constitutes a crucial step in understanding the molecular basis of diseases caused by altered sterol biosynthesis. Dipole potential is a less explored, yet important, fundamental property of biological membranes. In this work, we explored the effect of immediate (7-DHC and desmosterol) and evolutionary (ergosterol) precursors of cholesterol on membrane dipole potential. We show that the effect of precursors of cholesterol such as 7-DHC, desmosterol, and ergosterol on membrane dipole potential is very different than that of cholesterol, despite subtle structural differences with cholesterol ( Fig. 1) . To the best of our knowledge, our results constitute the first report on the effect of biosynthetic and evolutionary precursors of cholesterol on dipole potential. The differential effect of cholesterol and its precursors on dipole potential could be attributed to a number of FIGURE 6 Different orientations of cholesterol in membranes composed of phospholipids with varying degrees of unsaturation. Cholesterol is orientated parallel to the membrane normal (perpendicular to the plane of the membrane) in membranes made of monounsaturated phospholipids such as POPC (canonical orientation). The interaction between the membrane dipolar field and the molecular dipole of cholesterol is maximum in the canonical orientation. Interestingly, cholesterol has been shown to reside in the middle of the bilayer in membranes composed of polyunsaturated phospholipids (such as DAPC) due to extreme disorder in these lipids (noncanonical orientation) (33, 51) . The interaction between the membrane dipolar field and the molecular dipole of cholesterol is minimum in this orientation. See text for more details. factors, such as dipole moment, orientation (tilt angle), and condensing ability of these sterols. In addition, the differential effect on dipole potential could also be influenced by the extent of polarization of interfacial water by different sterols (32) .
These results assume relevance in light of reports that accumulation of cholesterol precursors results in severe (often fatal) diseases (25, 53) . For example, accumulation of 7-DHC results in a neurological disorder called SmithLemli-Opitz Syndrome (SLOS) (54, 55) . SLOS is a congenital and developmental malformation syndrome associated with defective cholesterol biosynthesis. SLOS is caused by mutations in the gene encoding 3b-hydroxy-steroid-D 7 -reductase, an enzyme required in the final step of the Kandutsch-Russell pathway of cholesterol biosynthesis. SLOS is clinically diagnosed by reduced plasma levels of cholesterol, along with elevated levels of 7-DHC (54-56). On the other hand, accumulation of desmosterol results in desmosterolosis (57), which is caused by mutations in the gene encoding 3b-hydroxy-steroid-D 24 -reductase, an enzyme required in the ultimate step of the Bloch pathway of cholesterol biosynthesis. Desmosterolosis is clinically characterized by elevated levels of desmosterol accompanied by reduced levels of cholesterol (58) .
Cholesterol is an exceedingly fine-tuned molecule, perfected over millions of years of evolution, to optimize its biological function. Previous studies have reported that structural features such as an intact alicyclic chain, a free 3b-OH group, a planar D5 (6) double bond, angular methyl groups, and a branched 7-carbon alkyl chain at the 17b position (see Fig. 1 ), have all been found to be necessary for the complex biological function displayed by cholesterol (59) (60) (61) (62) . As a result, the function of membrane proteins, supported by cholesterol, is often not maintained even with close analogs of cholesterol. For example, it was earlier shown by one of us that 7-DHC and desmosterol cannot support the activity of the serotonin 1A receptor (63) (64) (65) , an important G-protein coupled receptor that requires membrane cholesterol for its function (66, 67) .
Our results show that biosynthetic and evolutionary precursors of cholesterol exhibit differential ability to modulate membrane dipole potential. It has been recently reported that various lipid headgroups contribute differentially to the membrane dipole potential, which could explain their different effects on the function of membrane proteins (68) . It has been previously proposed that membrane microdomains (sometimes termed ''lipid rafts'') could influence membrane receptor activity by altering dipole potential (4, 69, 70) . Spatial imaging of dipole potential (i.e., a dynamic map of dipole potential on the cell surface) as a result of signaling therefore represents an exciting possibility (69) . In addition, our results with polyunsaturated membranes show that dipole potential is sensitive to the orientation of dipoles in the membrane. We therefore propose that interaction of the a-helix dipole (71) of proteins and peptides with the membrane dipolar field could be an important determinant in membrane physiology. Dipole potential measurements could therefore be utilized to monitor the orientation of proteins and peptides in membranes.
From a broader perspective, our results demonstrate that a small change in sterol structure can alter the dipolar field at the membrane interface considerably, which could have implications for pathogenicity associated with defective cholesterol biosynthesis. We envisage that evolution of sterols across various species helps to maintain specific electrostatic properties at membrane interfaces. We conclude that fine-tuning of the structure-function relationship in sterols constitutes a challenging problem, the study of which could provide insight into the molecular basis of diseases caused by altered sterol biosynthesis.
SUPPORTING MATERIAL
Details of materials, sample preparation, and depth measurements, and a table and references (72) (73) (74) (75) (76) (77) 
Sample preparation
All experiments (except depth measurements) were performed using large unilamellar vesicles (LUVs) of 100 nm diameter of POPC (or DAPC) containing increasing concentrations (0-40 mol%) of a given sterol (any one of the following sterols: cholesterol/7-3 DHC/desmosterol/ergosterol/coprostanol). All samples contained 1 mol% di-8-ANEPPS. In general, 640 nmol of total lipid (phospholipid and sterol) and 6.4 nmol of di-8-ANEPPS were mixed well and dried under a stream of nitrogen while being warmed gently (~35 °C). After further drying under a high vacuum for at least 3 h, the lipid mixture was hydrated (swelled) by addition of 1.5 mL of 30 mM Tris, 1 mM EDTA, 150 mM sodium chloride, pH 7.2 buffer, and each sample was vortexed for 3 min to uniformly disperse the lipids and form homogeneous multilamellar vesicles. LUVs of 100 nm diameter were prepared by the extrusion technique using an Avestin Liposofast Extruder (Ottawa, Ontario, Canada) as previously described (5).
Briefly, the multilamellar vesicles were freeze-thawed five times using liquid nitrogen to ensure solute equilibration between trapped and bulk solutions and then extruded through polycarbonate filters (pore diameter of 100 nm) mounted in an extruder fitted with Hamilton syringes (Hamilton Company, Reno, NV). The samples were subjected to 11 passes through the polycarbonate filters to give the final LUV suspension. Background samples were prepared in the same way except that di-8-ANEPPS was not added to them. The optical density of the samples measured at 420 and 520 nm were less than 0.15 in all cases, which rules out any possibility of scattering artifacts. Samples were incubated in dark for 12 h at room temperature (~23 °C) for equilibration before measuring fluorescence. All experiments were done with multiple sets of samples at room temperature (~23 °C).
Depth measurements using the parallax method
The actual spin (nitroxide) contents of the spin-labeled phospholipids (Tempo-, 5-and 12-PC) were assayed using fluorescence quenching of anthroyloxy-labeled fatty acids (2-and 12-AS) as described previously (6) . For depth measurements, liposomes were made by the ethanol injection method (7). These samples were made by codrying 160 nmol of DOPC 10.5 __________________________________________________________________________ § Depths were calculated from fluorescence quenchings obtained with samples containing 10 mol% of Tempo-, 5-or 12-PC and using Eq. 2. Samples were excited at 498 nm, and emission was collected at 670 nm. The ratio of di-8-ANEPPS to total lipid was 1:100 (mol/mol) and the concentration of di-8-ANEPPS was 1.07 M in all cases. See Materials and methods for other details. ¶ The strongest quenching was observed with 5-PC. Since the labels of Tempo-PC and 12-PC quenching were indistinguishable within experimental error (<5% difference in relative fluorescence intensity, i.e., 0.95 < F 12-PC /F Tempo-PC < 1.05), it was necessary to average z cF values in order to get accurate depth (6) .
